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Abstract 
In a traditional automotive cooling system, energy optimization could be achieved by controlling the engine 
temperature by means of several sensors placed inside the cooling circuit. Nevertheless, in some cases the increasing 
use of a great number of sensor devices makes the control system too bulky, expensive and not sufficiently robust for 
the intended application. This paper presents the development of a heavy-duty automotive cooling axial fan with 
morphing blades activated by Shape Memory Alloy (SMA) strips that work as actuator elements in the polymeric 
blade structure. The blade was designed to achieve the activation of the strips (thermo-mechanically treated on 
purpose) by means of an air stream flow. With the aimof studying the morphing capability of the adaptive structure 
together with the recovery behavior of the NiTi strips, four different polymeric compounds have been compared in a 
specifically-designed wind tunnel. As the airstream flow increases its temperature, the strips recover the memorized 
bent shape, leading to a camber variation. To study the possibility of employing SMA strips as actuator elements, a 
comparison with common viscous clutchbehavior is proposed. The time range actuator response indicates that the 
SMA strips provide a lower frequency control that fits well with the engine coolant thermal requirement. The 
experimental results demonstrate the capability of SMA materials to accommodate the lower power actuators in the 
automotive field. This innovative passive control system results from the selection of (i) the memorized shape of the 
SMA strips and (ii) the polymeric compound used for the blade structure. 
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1. Introduction 
The continuing need to develop control systems with improved efficiency has prompted the design of 
actuators with reduced mechanical size and complexity. In the automotive field, the cooling system (heat 
exchangers, ducts, valves, pump, etc) accounts for the majority of the weight and volume of the vehicle 
and more than half of the energy is lost as heat to the cooling devices. Cooling system improvements, 
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which aim to reduce the amount of wasted energy, will therefore enhance the global efficiency of the 
vehicle [1].Regarding the fan radiator, the optimization could be realized by managing the temperature of 
the engine and by enhancing control strategies to reduce the fan run time. Moreover, the rotational 
velocity of the heavy-dutycooling fan is almost constant but the engine load changes according to the 
working condition of the vehicle.Hence, the thermal energy that must be removed from the engine 
changes during operation and the fan has to follow the engine thermal requests even in non-stationary 
operating conditions. Convectional actuation systems are equipped with air-sensing modulated viscous 
clutches which are temperature-controlled, by means of a bimetal coil spring located on the clutch shell 
behind the radiator [2, 3]. Depending on the hot air temperature coming through the radiator, the spring 
expands/contracts enablingthe clutch to be engaged/disengaged. This provides the proper cooling airflow 
rate related to the engine load[2]. However, the correct management of the engine cooling rate and 
temperature could be achieved by linking the coolant engine temperature with the cooling capacity of the 
fan. In fact, the clutch joins the engine shaft with the cooling fan, which does not strictly follow the engine 
thermal requests since it is closely connected with the engine rotational velocity, without being affected 
by the airflow temperature. In some cases, to improve the thermal management, electric driven fans could 
be employed and the rotational fan velocity controlled by some sensors positioned in the cooling circuit 
[4].With the aim of reducing the complexity of the control system while improving engine thermal 
management, the integration of Shape Memory Alloys (SMAs) in actuator devices represents a 
challenging solution [5 – 8]. These metallic materials could recover seemingly permanent strains (up to 10 
%) by means of a temperature and/or stress-induced solid phase transformation which is responsible for 
the so-called Shape Memory Effect (SME) [9]. If these materials are deformed in the low temperature 
phase (martensite) and subsequently heated to the high temperature phase (austenite) they recover the 
original macroscopic shape. The transformation from austenite to martensite occurs during cooling, 
beginning at the martensite start temperature Ms and ending at the martensite finish temperature Mf. 
Conversely, the reverse transformation, from martensite to austenite, occurs upon heating, beginning at 
the austenite start temperature As and ending at the austenite finish temperature Af.Examples of adaptive 
structures regard the improvement of the global efficiency of aircraft wings [10], helicopter blades [11] 
and wind turbines [12]. However, no study addresses the SMA actuators in fan blades. The present paper 
addresses the development of a morphing blade activated by SMA strips as actuator elements embedded 
in different polymeric blade structures. In fact, the SMA strips action is the result of the SMA 
thermomechanical treatment and the displacement provided by the polymeric structure. This passive 
control system allows the performance optimization of the automotive cooling fan avoiding any external 
actions on the shaft rotational velocity [13, 14]. 
2. Materials and methods 
The blade structure was designed in order to support the deflection induced by the SMA strips. As the 
SMA phase transformation was thermally activated by means of a hot/cold air stream flow, the blade was 
equipped with several slots, located in the range of about (50 – 85) % of the blade span and next to the 
trailing edge, in order to place the strips in direct contact with the fluid flow. To study the morphing 
capability of the blade in conjunction with the recovery behavior of the strips, four different polymeric 
matrices were tested. The comparison was made considering: (i) an unreinforced Nylon PA66 named 
Compound A, (ii) a glass fiber reinforced Nylon PA66 (containing 15 % of glass reinforcement) and 5 % 
elastomer named Compound B, (iii) a glass fiber reinforced Nylon PA66 (containing 25 % of glass 
reinforcement) and 5 % elastomer named Compound C and (iv) an acetal resin named Compound D. 
Among the commercially available SMAs, a near equiatomicNiTi alloy with anominal composition 
Ni50.2Ti49.8 was considered. This choice was guided by the need to have transformation temperatures as 
close as possible to those encountered by the fan during the operation, usually in the range of (20 – 100) 
°C. Starting from a 1.5 mm thick plane foil of material, the strips were cut to a dimension of 1.5 mm u 15 
mm u 77 mm by means of electro-erosion machining. For the sake of brevity, the thermal characterization 
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of the SMA strips and their thermomechanical treatment are not reported in this paper. More details about 
the blade geometry, SMA strips positions and selection can be found in [15]. 
The activation of the SMA strips and the resulting blade deflection were achieved by means of a 
heating/cooling ramp obtained in a purpose-built wind tunnel. The experimental apparatus was made up 
of (i) a convergent device, (ii) a polyvinyl chloride (PVC) pipe, (iii) a flow straightener (according to UNI 
EN ISO 5167), (iv) a polymethyl methacrylate (PMMA) transparent measurement section and (v) an 
exhaust pipe. The wind tunnel was driven by an axial fan with a nominal 1,500 m3/h flow rate that 
provided the airflow through a 22 kW-electric heater. With the SBTF it was possible to realize a highly-
reproducible time-wise thermal gradient, which could reach values of up to about 12 °C/min in heating 
mode and up to about 6 °C/min in cooling mode. These temperature gradients are consistent with the 
operating conditions of fans when used in normal duty. Thanks to the transparency of the measurement’s 
section, the evolution of the blade shape was continuously evaluated by means of digital image 
acquisitions. In order to control the shape changes related to the temperature trend, the video acquisition 
was synchronized with the temperature measurements, obtained by welded tip thermocouples placed on 
the blade surface and on the strips. The blade deformation achieved by the shape recovery of SMA strips 
was evaluated by a CAD software reconstruction of the blade tip, starting from the video frames. The 
analysis was carried out taking into account the maximum camber m evaluated at the initial condition 
before the first activation cycle (m0) and at the i
th instant during the thermal cycle (mi). 
3. Results and discussion 
In Fig. 1a the evolution of the blade deflection, calculated as (mi-m0)/m0 *100, and the evolution of the 
average temperature of the SMA strips as a function of the normalizing time (ti/tend) are reported for the 
four polymeric compounds. Figure 1a depicts a sketch of the airfoil camber evaluation at the non-
activated and activated conditions by means of a CAD blade tip reconstruction.The average value of the 
airflow temperature is also reported in Fig. 1a by using grey diamonds. As can be seen, as the temperature 
increased the blade deflection increased according to the solid phase transformation of the SMA strips 
that recovered the memorized bent shape. In order to highlight the different blade deflections, the 
comparison between the digital captures from the recorded video at the peak temperature are depicted in 
Fig. 1b.For all the polymeric compounds and SMA strip couplings, a progressive and continuous increase 
of the deflection was observed and as the strips reached the maximum operating temperature the blade 
reached its maximum deflection. It should be pointed out that the blade deflection trends are closely 
relatedtothe stiffness of eachpolymeric compound.In particular,Compound A andCompound Denabled 
camber deformations at the peak temperature, which are much higher than those of the other 
compounds.Conversely, the glass reinforcement of Compound B and Compound C reduced the capability 
 
 
Fig. 1. Blade deflection for the four polymeric compounds on heating and digital captures, at the peak temperature, from recorded 
video at blade tip view 
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capability of the blade structure to deflect on heating, providing a slow increase of the blade deflection 
and a limited deflection even at the peak temperature.Nevertheless, Compound B shows the best 
compromise between the value of deflection at the peak temperature and the recovery capability and 
represents the suitable polymeric compound for this specific application. 
With the aim of summarizing the properties of the tested polymeric compounds, giving a wide 
overview of the reported results and suggesting possible alternative materials for the blade structure, Fig. 
2 shows, as regions of influence, a material-property chart with some important thermoplastic polymeric 
matrices used in industrial applications [16]. Since the present study was intended to analyze the blade 
deflection on thermal activation, the polymeric properties are the Heat Deflection Temperature (HDT) 
measured at 45 MPa and the flexural modulus, reported in a multi-dimensional space (Fig. 2). According 
to the ASTM test method D648, HDT is a measure of the short-term thermal capability. The specimen is 
a bar 127 mm long, loaded in three-point bending to an outer fiber stress of 0.45 MPa and, on increasing 
the temperature at a rate of 2 °C/min, the deflection is evaluated. The HDT value corresponds to a 
deflection of 0.25 mm. As reported, Compound A, B and C show HDT mean values higher than 200 °C. 
Conversely, the POM region (in which Compound D is included) shows slightly lower HDT values. 
Since the experimental results show that Compound A has the maximum camber deflection, it is likely 
that the blade shape modification is flexural modulus driven. Compounds B and D have almost the same 
values of flexural modulus while Compound A is the most compliant and Compound C is the stiffest. As 
reported in Fig. 1a, the latter polymeric matrix showed much less deflection than the other. 
Starting fromthe regions of influence reported in Fig. 2, the groups of ABSR and PVC showed HDT 
values close to the operating temperature even though the flexural modulus values are comparable with 
those of reinforced Nylon PA6.6 and therefore may not be suitable for the present application. 
Conversely, the group of PCR shows HTD and flexural modulus values comparable with those of the 
chosen polymeric compounds and is recommended in the case of high-impact resistant applications. 
Another alternative compound which shows similar properties to Compound B is represented by the 
PEEK group, which could be used in the case of very aggressive environments thanks to its high chemical 
resistance. Finally, the highest values of HDT and, at the same time, suitable values of flexural modulus 
could be achieved through the use of PI materials. These compounds have very low creep values even if 
for industrial applications they are in the form of tape and films. To analyze the possibility of employing 
morphing blades activated by means of SMA strips as a good alternative to the common viscous clutch 
device, the time-wise evolution of camber deflection and rotational fan velocity are depicted in Fig. 3. 
The time-wise camber variation and the time-wise rotational velocity variation is performed with the 




Fig. 2. Material- property space for thermoplastics: HTD0.45MPa as a function of the flexural modulus (acrylonitrile butadiene 
styrene (ABS), polymethyl methacrylate (PMMA), polyvinyl chloride (PVC), polycarbonate (PC), polyoxymethylene (POM), 
polystyrene (PS), polyether ether ketone (PEEK), polyethylene terephthalate (PET), polyimide (PI), R = reinforced) 
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Fig. 3. Time-wise evolution of airfoil camber and rotational fan velocity for SMA blades and viscous clutch 
As reported by Everett [17], a modulated viscous clutch allowsa reduction in power consumption but, 
even so, the response of the time range transient actuators is very limited (with a thermal input range of 
(60 – 71) °C ((140 – 160) °F) the fan speeds move from 1000 rpm to 2000 rpm). As can be seen, the 
SMA actuating system allowed a shorter reaction time than the viscous clutch since the phase 
transformation occurred at a lower temperature. As a result, the normalized actuator awaiting time after 
the thermal input is about 0.3 for the SMA blade and about 0.4 for the viscous clutch. As regards the time 
range transient actuator response, the viscous clutch shows a steeper ramp, which indicates that the 
bimetal spring, which heated up in response to the thermal load and controlled the opening of the valve of 
the oil flow, led to the engagement of the clutch and the instantaneous increase of the rotational velocity 
of the fan. Unfortunately, this step change velocity variation did not follow the thermal input and the fan 
rotational velocity reached the target velocity independently of the thermal input variation.Conversely, 
the SMA strips enabled a smooth and progressive increment of the blade deflection according to the 
increasing temperature as a result of the thermal controlled actuation. SMA actuation provided a lower 
frequency control that fits well with the engine thermal requests, enhancing the thermal management. In 
this work, the comparison between four different polymeric compounds and their influence on the blade 
shape modification are reported. How the blade deflection (i.e. camber variation) provided by the SMA 
strips action determines the fan performance modification is reported in [14].Suman et al. [14], by means 
of CFD numerical simulations, pointed out that the increase of the airfoil camber is directly related to the 
increase of the fan pressure coefficient and leads to a higher flow rate during the fan operation. In fact, 
when the fluid temperature increases, the blade shape modification generates an increase of the pressure 
coefficient and, as a result, a higher flow rate through the heat exchanger. 
 
4. Conclusions 
The present paper focuses on an innovative passive control system for an automotive cooling axial fan 
based on SMA elements. The capability of the morphing blade (polymeric structure with embedded SMA 
strips) to change its shape according to the airflow temperature was analyzed in terms of camber 
deflection. The comparison of four polymeric compounds proved that the decrease in the amount of glass 
fiber causes (i) an increase in blade deflection during the thermal activation and, at the same time, (ii) the 
slope of the camber deflection time-wise evolution trends. The smooth blade deflection imposed by the 
SMA strips allows the control and the adjustment of the fan performance to engine thermal requests with 
a shorter awaiting time after the thermal input than that of the common viscous clutches. These 
peculiarities affect: (i) the elimination of active controls such as: electric motor drive, thermostats and 
valves, temperature probe and redundant sensors, (ii) the adaptability of the cooling fan to the engine 
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thermal requests through a passive control system, (iii) the changes in the cooling fan performance are 
disconnected from the engine rotational velocity, (iv)  the reduction of the coolant warm up time during 
cold engine starts and finally (v) the elimination of the heat-soak issue. 
The combination of the SMA element thermal treatment and the polymeric compound characteristic 
determines different blade shape modifications during fan operation. Therefore, in the design phase, it 
will be possible to combine different polymeric compounds in order to match a wide range of application 
requirements, such as corrosive atmosphere, healthy law, serviceability, lightness, etc. 
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